Background-Numerous studies have reported evidence of cardiac injury associated with transient left ventricular (LV) systolic and diastolic dysfunction after prolonged and strenuous exercise. We used 2D ultrasound speckle tracking imaging to evaluate the effect of an ultralong-duration exercise on LV regional strains and torsion. We speculated that systolic dysfunction after exercise is associated with depressed LV strains and torsion, and diastolic dysfunction results from decreased and delayed untwisting, a key factor of LV suction and early filling. Methods and Results-Twenty-three triathletes underwent conventional and speckle tracking imaging echocardiography at rest before and immediately after an ultralong distance triathlon. Measurements included LV longitudinal, circumferential and radial strains, LV rotations, and LV torsion. After the race, LV systolic dysfunction was characterized by a decrease in LV longitudinal, radial, and circumferential strains, especially for apical radial strains (44.6Ϯ15.1% versus 31.1Ϯ13.8%, PϽ0.001). Peak torsion was slightly decreased (8.3Ϯ5.1°versus 6.4Ϯ3.9°, respectively, Pϭ0.09) and significantly delayed (91Ϯ18% versus 128Ϯ31% of systolic duration, PϽ0.001) beside end-ejection. Peak untwisting was also depressed and delayed beside isovolumic relaxation. Conclusions-This study documented major alterations in cardiac strains and torsion after an ultralong distance triathlon.
R egular exercise is associated with well-demonstrated beneficial effects on blood pressure, lipid profile, and long-term risk of myocardial events. 1 On the other hand, prolonged intense exercise, such as marathon or long distance triathlon, may cause myocardial damages as evidenced by the release of cardiac specific biochemical markers. [2] [3] [4] [5] [6] These damages are associated with a transient impairment in cardiac function characterized by global systolic 7, 8 and diastolic 3, 9, 10 dysfunction. However, whether this dysfunction is contingent or results from an alteration in intrinsic myocardial properties is an ongoing debate.
Clinical Perspective on p 330
During systole, contraction of cardiomyocytes induces myocardial normal strains including longitudinal and circumferential shortening and radial thickening. 11 As a result of the helical orientation of myofibers, 12, 13 contraction also induces shear strains within the myocardium. 14 Left ventricular (LV) systolic torsional deformation, one component of shear strains, is one mechanism by which potential energy is stored during ejection to be released during diastole. During diastole, shear strains, including untwisting, decrease before normal strains. 14 Untwisting, initiated by both active relaxation of the myocardium and release of energy stored in elastic components (ie, "elastic recoil") causes the rapid reduction of LV pressure that leads in turn to mitral valve opening and early LV filling. 15, 16 Insight into myocardial strains is thus crucial for a better understanding of the complex mechanics that underlie both LV systolic and diastolic function in the human heart. Some authors recently used tissue Doppler imaging (TDI) to assess myocardial longitudinal velocities, strains, or strain rates after prolonged intense exercise. 9, 10, 17 However, whether alterations in LV filling and ejection previously documented are related to changes in myocardial systolic and diastolic normal strains and twisting patterns is unknown. Recently, development of 2D ultrasound speckle tracking imaging (STI) has overcome the angle dependence of TDI and allowed LV strains 18 and torsion 19 to be evaluated noninvasively. In the present study, we used STI to assess the effect of a prolonged intense exercise on the extent and chronology of LV strains and torsion during the cardiac cycle. We hypothesized that after ultralong-duration exercise, (1) LV systolic dysfunction would be associated with reduced LV longitudinal, radial, and circumferential strains and (2) LV diastolic dysfunction would be associated with reduced and delayed LV untwisting.
Methods

Experimental Protocol
This study followed a repeated-measures design. Initial assessments were performed within 3 days before an "Ironman"-distance triathlon, and postrace assessments were done within 45 minutes of the race completion. Forty-two male triathletes enrolled in the 2007 Embrun triathlon in the French Alpes (3.8 km swimming, 186 km cycling with 4000 m of positive altitude change, and 42.2 km running) volunteered to participate in this study. None of the subjects had clinical evidence or personal history of cardiac disease or arterial hypertension. All of them were advised to abstain from hard training and alcohol or caffeine during the 48 hours before the first assessment. The protocol was approved by the local ethics committee, and all subjects gave written informed consent.
Echocardiographic Image Acquisition
Images were obtained in the left lateral decubitus position using a commercially available system (Vivid I, GE Healthcare, Horten, Norway) with a 3.5-MHz sector scanning electronic transducer. Two-dimensional grayscale harmonic images were obtained at a rate of 60 to 75 frames per second, and color tissue velocity images were acquired at a rate of 120 to 140 frames per second. Images were acquired in cine loops triggered to the QRS complex and saved digitally for subsequent off-line analysis with dedicated software (EchoPac 6.0, GE Healthcare).
Conventional Variables
M-mode measurements were obtained, according to the recommendations of the American Society of Echocardiography, in the parasternal long-axis view. 20 The LV end-diastolic (EDD) and end-systolic (ESD) diameter, end-diastolic (EDPWT) and end-systolic (ESPWT) posterior wall thickness, and end-diastolic septum thickness (EDST) were measured. The LV ejection fraction was calculated from LV volumes measured by the biplane Simpson method. Pulsed Doppler LV inflow (E and A waves) recordings were performed in the apical 4-chamber view. Stroke volume was calculated as the product of the aortic root area and the integral of the aortic blood flow velocity curve recorded from a 5-chamber view. Systolic (SBP) and diastolic (DBP) blood pressures were measured by an automated system (Dynamap, GE Medical Systems, Milwaukee, Wis). LV end-systolic wall stress, 21 an index of LV afterload, was calculated as follows: LV end-systolic wall stressϭ(0.334ϫ SBPϫESD)/[ESPWTϫ(1ϩ(ESPWT/ESD))].
TDI
Color cine loops were recorded in the apical 2-, 3-, and 4-chamber views. We assessed wall motion velocities at the mitral annulus level on the septal, lateral, inferior, anterior, antero-septal, and posterior walls. Peak myocardial systolic velocity (S m ) and diastolic velocities (E m and A m ) were derived for each wall. The E/E m ratio, recorded at the level of the lateral wall of the mitral annulus, was used as an index of LV filling pressure. 22 
STI
The strain and torsion analysis was conducted as previously described. 19, 23 After manually tracing the endocardial border on the end-systolic frame of the 2D sequence, the software automatically tracked myocardial motion, creating 6 equidistant speckle tracking regions of interest in each image. Whenever the software signaled poor tracking efficiency, the observer readjusted the endocardial trace line or the region of interest width until a better tracking score could be obtained. Data were averaged on 3 cardiac cycles.
LV longitudinal strain and strain rate (SR) analysis was performed using an apical 4-chamber view. Radial and circumferential strain and SR analysis were performed on short-axis views. LV rotations were assessed from basal and apical short-axis views. Care was taken to ensure that the basal short-axis plane contained the mitral valve and that the apical plane was acquired distal to the papillary muscle. LV twist was calculated as apical LV rotation minus basal LV rotation. To assess the dynamics of global LV twist and its relation to radial displacement throughout the cardiac cycle, we constructed twist-displacement loops. 24 Averaged radial displacement data from 6 segments in basal and in apical short-axis planes were summed up and divided by 2 to obtain the mean value of radial displacement.
All data were exported to a spreadsheet program (Excel, Microsoft Corp, Seattle, Wash) to calculate LV twisting and twisting rate. To adjust all strain variables for intersubject differences in heart rate, the time sequence was also normalized to the percentage of systolic duration (ie, t was 100% at end systole). Spreadsheet calculation allowed the detection of peak SR and twisting and the time to these peaks. Data regarding 12 subjects were analyzed blindly and randomly on 2 separate days by an experienced cardiologist to assess intraobserver reproducibility. Because the reproducibility was good (Ͻ8% for both strains and rotations), only data from the first assessment are presented here.
Statistical Analysis
The statistical analysis was performed using Statview 5.0 (SAS Institute Inc, Cary, NC). Prerace and postrace values for conventional variables, strain, SR, as well as twisting/untwisting data were analyzed using a 1-way repeated-measures ANOVA or Wilcoxon signed-rank test when appropriate. Data from prerace and postrace were pooled together, and the relationships between systolic and diastolic speckle tracking as well as hemodynamic data were evaluated using Pearson product-moment analysis. Additionally, for each variable, we used the Wald test adjusted for prerace versus postrace values in a linear regression model to take into account the effect of time into the correlations. Prerace and postrace individual slopes of the twist-radial displacement loops were compared using a 1-way repeated-measures ANOVA. Data are expressed as meanϮSD, and statistical significance is assumed at PϽ0.05.
Results
Only subjects with both pre-echocardiography and postechocardiography assessment were included in the analysis. Due to scheduling difficulties or resignation during the race, 23 patients were evaluated after the race (time from cessation of running to echocardiographic acquisition, 40Ϯ15 minutes). The 
Conventional Variables
Heart rate increased, whereas stroke volume and cardiac output remained unchanged after the race (Table 1) . LV end-diastolic dimensions decreased, whereas end-systolic dimensions were unchanged. Both fractional shortening and ejection fraction were reduced. Average Peak S m (ie, mean of the 6 walls) was also depressed. Global diastolic function was decreased. Peak E velocity decreased, whereas peak A velocity remained unchanged, so that the E/A ratio was lower. Similarly, average peak E m decreased, with no change in average peak A m . Blood pressures also decreased after the race, but LV end-systolic wall stress remained unchanged.
Systolic LV Strains and Twisting
Similar patterns of LV strains were observed before and after the race, both at the basal and apical levels ( Figure 1 ). However, all peak strains were significantly reduced after the race. Times to peak strain were not affected excepted for apical circumferential strain, which was slightly but significantly delayed ( Table 2 ). Radial and circumferential peak systolic SR at the apex decreased after the race (Table 3) . No prerace-postrace differences were noticed for all other peak SR data. Significant correlations were found between peak basal circumferential systolic SR and stroke volume (PϽ0.01) and between both peak apical (PϽ0.01) and basal (PϽ0.01) circumferential systolic SR and fractional shortening. Times to peak systolic SR, expressed in percentage of systolic duration, were not affected by the race.
As viewed from the apex, LV torsion resulted from a counterclockwise rotation of the apex and an initial counterclockwise followed by a clockwise rotation of the base (Figure 2 ). After the race, patterns of both apical and basal rotations were altered. At the apex, we observed a brief clockwise rotation followed by a decrease and lag of peak rotation. At the basal level, initial counterclockwise rotation was major, whereas peak rotation was also decreased and delayed. Consequently, after the race, we observed a reverse torsion during the beginning of systole, and peak torsion was slightly decreased (8.3Ϯ5.1°versus 6.4Ϯ3.9°, before and after the race, respectively, Pϭ0.09) and significantly delayed beside end-ejection (91Ϯ18% versus 128Ϯ31% of systolic duration, respectively, before and after the race, PϽ0.001). Torsion at aortic valve closure (AVC) was lower after than before the race (6.7Ϯ5.0°versus 3.3Ϯ4.2°, respectively, before and after the race, PϽ0.01). However, no differences between prerace and postrace data were observed as for rotational and twisting systolic rate. No significant correlations were found between peak torsion and LV end-systolic wall stress (Rϭ0.20) or LV end-diastolic diameter (Rϭ0.15).
Diastolic LV Strains and Untwisting
During diastole, significant LV SR and rotational and twisting rate changes occurred ( Table 2) . After the race, longitudinal, apical radial, and basal circumferential diastolic peak SR values were lower, and longitudinal, apical radial, and circumferential times to diastolic peak SR values were higher. Torsion pattern during diastole was altered ( Figure 3 ). Before the race, peak untwisting rate was earlier compared with peak SR (PϽ0.001), and untwisting occurred mainly during the isovolumic relaxation phase. After the race, peak untwisting rate was lower and delayed compared with prerace values, and no difference was observed between time to peak SR and time to peak untwisting rate. Significant correlations were found between peak untwisting rate and peak torsion (PϽ0.001) and between time to peak torsion and time to peak untwisting rate (PϽ0.001). However, no significant correlations were found between time to peak untwisting rate and peak E (Pϭ0.87) and stroke volume (PϽ0.81). No significant relationship was found between peak or time to peak untwisting rate and LV end-diastolic diameter (Pϭ0. 19 and Pϭ0.8, respectively). Prerace and postrace twist-radial displacement loops are presented in Figure 4 . The diastolic nonlinear relationship observed before disappeared after the race.
Discussion
We used speckle tracking imaging to evaluate LV strains and torsion to get insight into the potential underlying mechanisms responsible for the transient cardiac dysfunction observed after an ultralong-duration exercise. After the race, LV strains decreased but were not delayed, whereas twist was decreased and delayed. This alteration in LV twisting pattern induced a loss in rapid untwisting during isovolumic relaxation phase, a key factor of LV diastolic suction and thus of early filling.
LV Systolic Strains and Twisting
To date, the underlying mechanisms responsible for the systolic dysfunction after ultralong-duration exercise have not been fully elucidated. LV peak strains and SR have been proposed as good sensitive indicators of regional myocardial function. 25, 26 Previous studies have demonstrated reduction in longitudinal myocardial velocities, strain, or SR after marathons or long-distance triathlons. [2] [3] [4] [5] Our results confirm and extend these data by demonstrating a decrease not only in 
Nottin et al Left Ventricular Dysfunction After Exercise
longitudinal but also in circumferential and radial regional myocardial strains after prolonged exercise. Furthermore, our regional strain evaluation showed that the alterations were major at the apical level. Interestingly, radial strain increase produced by dobutamine stress is greater at the apical that at the basal level and appears to play a greater role in increasing LV contractile function. 27 Accordingly, we speculated that the basal LV region might have been contracting to a greater extent, potentially explaining its greater impairment after the race. Nevertheless, we could not exclude that the decrease in LV strains and SR after the race could be due in part to the decrease in preload, as suggested by the decrease in LV end-diastolic dimensions. Exercise-induced dehydration affecting preload would have been more clearly highlighted by measurement of inferior vena cava diameter. However, scheduling difficulties precluded its measurement after the race. The reduced myocardial peak systolic SR reflects principally alterations in myocardial contractility, 25 and the significant correlations between peak systolic circumferential SR and both fractional shortening and stroke volume speak in favor of a contribution of that decreased LV contractility to the postrace global systolic dysfunction. The underlying mechanisms for this phenomenon might include in part a decrease in excitation-contraction coupling gain and especially an impairment in cardiac calcium signaling, as a result of the chronic and sustained activation of the sympathetic nervous system. Such results have been previously obtained in animal and human skeletal muscles subjected to prolonged exercise. 28 ␤-Adrenergic desensitization, as recently reported after prolonged ergometer rowing, 29 might also be hypothesized. After the race, peak torsion slightly decreased and torsion at AVC decreased. Because myofiber contractility and shortening have a direct effect on LV torsion, 30 reduced LV contractility might have contributed as well to the decrease in LV torsion. Loading conditions are also important determinants of LV torsion. 31, 32 However, as estimated from LV end-systolic wall stress, afterload remained unchanged after the race. The postrace decrease in preload, suggested by the decrease in LV end-diastolic dimensions, could have also contributed. However, the absence of significant relationship between LV end-diastolic dimensions and torsion does not speak in favor its major contribution to torsion and untwist rate changes. Another interesting finding was that peak torsion was not only reduced but also delayed beside endejection after the race. A novel finding was also the delayed peak torsion with no or minor delay as for the other 3 linear strains. Systolic torsion is a mechanism by which the LV equilibrates transmural gradients of fiber strains and oxygen demand. 33, 34 Thus, the delay leading peak torsion to occur after end-ejection suggests that, after the race, the balance of transmural strain gradients was not fully effective during systole. After the race, patterns of both apical and basal rotations were altered. We observed a reverse torsion at the beginning of systole that might have directly decreased and delayed the peak direct torsion. Such alterations also have been reported in dilated cardiomyopathy and were partly explained by a decrease in transmural conduction velocity. 35 Whether this also applied to our athletes is unknown and will need further studies.
LV Diastolic Strains and Untwisting
Ultralong-duration exercise induced a decrease in early diastolic filling. 3, 9, 10 Early diastolic filling depends mainly on intrinsic myocardial relaxation and LV suction, which is derived from the intraventricular pressure gradient. 36 However, it is also affected by heart rate and loading conditions. 37 Because a common consequence of prolonged and strenuous exercise is elevated heart rate and change in loading conditions, assessing myocardial function from mitral filling may be hazardous. Moreover, pulsed Doppler velocity of LV inflow records events occurring after mitral valve opening and thus evaluates the latter stage of LV relaxation. Using 2D-strain echocardiography, we showed that diastolic longitudinal SR, apical radial SR, and basal circumferential SR dropped after the race. Although such alterations might reflect depressed myocardial relaxation, we cannot rule out potential effects of reduced preload. 38 To get insight into the potential mechanisms responsible for the decrease in LV diastolic function after the race, we also assessed LV torsion and observed that the ultralong distance triathlon yielded to decreased and delayed untwisting. In healthy adults, myocardial shear strains resulting from the unfolding of myofibers (including untwisting) occurs early during diastole 14 and are essential in the rapid decrease of LV pressure inducing early filling. 16, 36 Very early during diastole, untwisting occurs because of a combination of cardiomyocyte relaxation and release of energy stored within extracellular matrix 39 and compressed titin. 40 In our study, before the race, peak untwisting velocity occurred during isovolumic relaxation and earlier than peak diastolic SR, whereas after the race, it was delayed and early diastolic recoil during isovolumic relaxation was completely abolished. The impact of delayed and depressed untwist rate on LV filling is also depicted in Figure 4 , although frame-by-frame evaluation of LV volumes rather than radial displacements would have been indicated. The delayed peak systolic torsion could be one mechanism by which the release of restoring forces was impaired during early diastole. The absence of diastolic recoil during the isovolumic relaxation phase induced by the delayed peak untwisting was probably partly responsible for the reduced early diastolic filling observed after the ultralong-duration exercise. The strong correlations obtained between peak torsion and peak untwisting velocity highlighted the impact of the energy stored during systole in the decrement of peak untwisting velocity after the race. Alteration in intrinsic myocardial relaxation properties might have also contributed to delayed and reduced untwisting. Defect in cardiomyocyte calcium signaling, and especially slowed reticulum sarcoplasmic calcium reuptake, as recently demonstrated in fatigued skeletal muscle, 28 may be hypothesized, but will need further experimental studies.
Clinical Implications
Prolonged and strenuous exercise is thought to induce myocardial LV injuries 2,3,4,6 and is associated with global ventricular dysfunction as well as increased risk for arrhythmias. 41 The present study reports decreased SR and reduced and delayed peak torsion as well as peak untwisting rate. Myocardial deformation abnormalities have also been demonstrated recently by TDI in patients with chronic LV overload due to aortic regurgitation. 42 Evaluation of LV torsion dynamics is still missing but could be promising in detecting early dysfunction in these patients. Torsional mechanical alterations similar to those found in our athletes after the triathlon have been reported in states associated with worsened relaxation such as chronically pressure overloaded heart 43 or tachycardia-induced dilated cardiomyopathy. 35 The long-term consequences of such transient myocardium insults and functional abnormalities after repetitive prolonged exercise are unknown and represent an important issue for future investigations.
